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Kinokawashi, Wakayama 649-6493, Japan.The transcriptional repressor Bach1 mediates various stress responses. Despite its role in transcrip-
tion, Bach1 is predominantly exported to the cytoplasm in a Crm1-dependent manner, but the func-
tional role of its cytoplasmic retention is still unclear. We found that Bach1 was also excluded from
mitotic chromatin by a C-terminal cytoplasmic localization sequence dependent and leptomycin B
sensitive process. Bach1 depletion resulted in disordered mitotic chromosome alignment, which
was rescued by Bach1 mutants lacking the BTB or DNA binding domains, suggesting its transcrip-
tion-independent mechanism. We thus revealed a novel role of Bach1 in the regulation of mitotic
chromosome dynamics.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction In spite of being a transcriptional regulator, Bach1 is also local-Adaptive response of living cells to oxidative stress is essential
for their viability. In response to cellular stresses, cells induce
immediate gene expression for stress defense. The mechanisms
underlying gene expression rearrangements upon oxidative stress
are relatively well understood [1,2]. For example, various oxidative
stresses induce the expression of heme oxygenase-1 (HO-1), which
has anti-oxidative and anti-inﬂammatory activities. The regulatory
region in the HO-1 promoter contains Maf-recognition elements
(MAREs), which are recognized by the basic leucine zipper (bZip)
family of transcription factors such as Nrf2- or Bach1-Maf hetero-
dimers [3]. The former is an activator, while the latter is a repressor
of HO-1 expression [4]. Upon the exposure to oxidative stimuli
such as cadmium-treatment, the Bach1 protein is exported to the
cytoplasm [4], which leads to the accumulation of Nrf2 in the nu-
cleus, and the subsequent activation of transcription [1,2,5].chemical Societies. Published by E
; CRM1, chromosome region
RE, maf-recognition element;
tion sequence; NES, nuclear
emistry, Tohoku University
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University, 930 Nishimitani,ized in the cytoplasm in some cells. The Bach1 protein is reportedly
excluded from the nuclear region by interaction with intracellular
hyaluronic acid binding protein [6], Crm1-dependent nuclear ex-
port through its C-terminal cytoplasmic localization sequence
(CLS) and nuclear export signal (NES) present within the middle
of its heme-binding region [4,5,7]. These observations suggest that
Bach1 has a function beyond transcriptional regulation.
We herein explore the possible roles of the cytoplasmic reten-
tion of Bach1, and demonstrate that Crm1-mediated exclusion of
Bach1 also occurs from the mitotic chromosomes during meta-
phase. An analysis of the mitotic chromosome dynamics revealed
that Bach1 was involved in the alignment of metaphase chromo-
some arms. The domain analyses revealed that CLS, but not the
DNA-binding region of Bach1, was required for this activity, sug-
gesting that this occurs via a transcription-independent mecha-
nism. Thus, we concluded that Bach1 plays a novel role in
mitotic chromatin dynamics in metaphase cells, in addition to
the transcriptional regulation observed in interphase cells.
2. Materials and methods
2.1. Cell culture and plasmids
The detail of the cell culture condition and the plasmids used in
the experiments were described in the section of Supplementary
data.lsevier B.V. All rights reserved.
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Fig. 1. The LMB-sensitive regulation of the subcellular localization of Bach1. (A) The effects of LMB treatment on the localization of mBach1 in interphase cells. HeLa cells
expressing mouse Bach1 and H2B-GFP were stained with an anti-Bach1 antibody (red). The right panels show the ﬂuorescence intensity of Bach1 (red line) and H2B-GFP
(black line) within a cell. Scale bar, 50 lm. (B) The effects of LMB treatment on the localization of Bach1 in metaphase cells. After transfection, the cells were treated with
MG132 to arrest them in the mitotic phase. The arrowhead indicates Bach1 localization at the mitotic spindle. Scale bar, 10 lm.
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HEK293T cells were transiently transfected with plasmids
expressing human BACH1 or mouse Bach1 with a shRNA-express-
ing plasmid using GeneJuice (Promega). After 24 h, the cells were
harvested with 350 ll of lysis buffer (50 mM Tris–HCl, pH 8.0,
150 mM NaCl, 1% Triton X-100, 10% glycerol and protease inhibitor
mixture (Roche)). In most experiments, 1/10 the amount of H2B-
GFP expression plasmid was also added to the transfection mixture
to detect transfected cells. The protein concentration was analyzed
by using the Coomassie protein assay reagent (Thermo scientiﬁc).
The immunoblot analyses were performed using anti-Bach1 or
anti-GAPDH antibodies. Chemiluminescence was detected with
the ECL Plus Western blotting detection reagents (GE healthcare)
using a LAS4000 device (Fuji Film).
2.3. Immunoﬂuorescent analysis
Cells grown on coverslips were ﬁxed with acetone/methanol
(1:1) for 10 min. After blocking with 1% BSA in TPBS, cells were
incubated with primary antibodies for 1 h, followed by incubation
with secondary antibodies for 1 h. The secondary antibodies used
in this study were: goat anti-rabbit IgG Alexa Fluor-555 or goat
anti-mouse Alexa Fluor-568 (Molecular Probes). Images were col-
lected using an Olympus IX-81 microscope with an AQUA-COSMOScamera (Hamamatsu photonics). Images were analyzed by the Im-
ageJ ver1.37 software program. Zeiss LSM510 confocal microscopy
and MetaMorph software (Molecular Devices) was used for time-
lapse imaging of live cells.
2.4. FACS
The cell cycle stage was synchronized by a double-thymidine
blocking method [8]. After release from secondary thymidine treat-
ment, cells were collected at certain time points and ﬁxed with 70%
ethanol. After RNaseA treatment, the DNA was stained with 25 lg/
ml propidium iodide. The DNA content in each cell was measured
by a FACS Calibur instrument (Becton, Dickinson and Company)
and analyzed by the FlowJo software program.
2.5. qRT-PCR
Total RNA was isolated from cells by using TRIZOL reagent
(Invitrogen). cDNA was synthesized by AMV reverse transcriptase
(Promega) with oligo (dT)15 as a primer. Quantitative PCR was per-
formed by Opticon with SsoFast EvaGreen (BioRad Laboratories).
The following primers were used for RT-PCR.
GAPDH: 50-CCATGGAGAAGGCTGGGG and 50-GAAAGGAAACCCA































Fig. 2. Effects of endogenous BACH1 depletion on metaphase chromosomes. (A) Determination of the species-speciﬁcity for Bach1 knockdown by the shRNA expression in
HEK293T cells. (B) mRNA levels were quantiﬁed by qRT-PCR in total RNA isolated from transiently transfected cells. (C) qRT-PCR in total RNA isolated from H2B-GFP-sorted
cells. H2B-GFP-positive cells were shown as R1 gate (inset). (D) Effects of BACH1 knockdown on the alignment of metaphase chromosomes. After transfection, MG132-treated
cells were ﬁxed and stained with an antibody against a-tubulin (red). The chromosome thickness visualized with H2B-GFP (green) at the metaphase plane was quantiﬁed.
The ﬂuorescence intensity of H2B-GFP between centrosomes was plotted (bottom panel). Scale bar, 5 lm. (E) Effects of BACH1 knockdown on the inter-centrosome distance.
The distances between two centrosomes were visualized as the spindle ends were measured. The data are presented as the means ± S.D.
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3.1. The effects of LMB on the subcellular localization of Bach1
To probe the functional role of the cytoplasmic retention of
Bach1, we ﬁrst examined whether the Bach1 localization in HeLa
cells was sensitive to a Crm1-speciﬁc inhibitor, leptomycin B
(LMB). We observed that the nuclear export of overexpressed
Bach1 was inhibited in interphase cells by LMB treatment
(Fig. 1A). In addition, we found that Bach1 protein was excluded
from mitotic chromosomes, and that this was also sensitive to
LMB treatment (Fig. 1B). Bach1 immunoreactivity was also de-
tected at the mitotic spindle (Fig. 1B, arrowhead) as well as in
the cytoplasm. Since the duration of LMB treatment was only
40 min before the ﬁxation of cells, these effects of LMB seem to
be independent of those during interphase.
3.2. Chromosome alignment in BACH1-depleted cells
To explore the possible role of Bach1 exclusion from the mito-
tic chromosome, we depleted the BACH1 gene expression fromcells by shRNA. Since we designed our shRNA against human
BACH1, mouse Bach1 was resistant to the shRNA (Fig. 2A), and
therefore could be used for rescue experiments. The cells were ar-
rested at metaphase by MG132, and transfected cells were iden-
tiﬁed by their simultaneous expression of H2B-GFP. Knockdown
efﬁciency of endogenous BACH1 mRNA was conﬁrmed by qRT-
PCR using transiently transfected cells (Fig. 2B) and H2B-GFP-po-
sitive cells (Fig. 2C). We observed that the BACH1-depleted cells
showed thicker metaphase plates compared to the control
shRNA-expressing cells (Fig. 2D, second and ﬁrst columns, respec-
tively). The rescue of BACH1 depletion by full-length mouse
Bach1 resulted in the restoration of the aberrant metaphase plate
(Fig. 2D, third column). Overexpression of mouse Bach1 did not
affect the mitotic chromosomes of the cells (Fig. 2D, fourth
column).
Since chromosome alignment requires polar-ejection force [9],
we examined the pole-to-pole distance in BACH1-depleted cells.
We observed no appreciable change in the distance in the
BACH1-knockdown or overexpressing cells (Fig. 2E). Therefore,
we concluded that Bach1 plays a role in mitotic chromosome align-
ment without changing the spindle assembly, even though it was
J. Li et al. / FEBS Letters 586 (2012) 448–454 451localized at the mitotic spindle (Fig. 1B). Supporting this idea,
BACH1 depletion did not cause any lagging chromosomes during
mitotic progression after sequential treatment with monastrol
and MG132 (data not shown).
3.3. Effects of BACH1 depletion on monastrol-treated cells
Many spindle-associated proteins reportedly regulate chromo-






Fig. 3. Effects of endogenous BACH1 depletion on mitotic chromosome alignment. (A)
monastrol-treated cells. HeLa cells expressing indicated shRNA were treated with 100
iodide. Scale bar, 50 lm. The ﬂuorescence intensity of the transverse sections of ring-like
analysis of mouse Bach1 after rescuing the ring-like structure of metaphase chromosome
The data are shown as the means ± S.D. (D) An example of the ring-like structure of m
spindles were stained by an anti-a-tubulin antibody. Scale bar, 5 lm.metaphase cells [10]. Depletion of these proteins tends to cause
aberrant phenotypes in the monopolar spindles induced by mon-
astrol, which is a reversible inhibitor of Eg5, a motor protein
responsible for generating the bipolar-ejection force [11–13].
We therefore explored the mechanism(s) underlying the mitotic
chromosome dysregulation in BACH1-depleted cells by taking
advantage of the chromosome alignment around the monopolar
spindle in monastrol-treated cells. In mock-transfected cells, the
mitotic chromosomes formed typical ring-like structures at someEffects of BACH1 knockdown on the ring-like structure of mitotic chromosomes in
lM monastrol for 8 h. Chromosomes were visualized by staining with propidium
metaphase chromosomes in three cells were traced and plotted in B. (C) The domain
s. The histograms show the percentage of cells with successive ring-like structures.
etaphase chromosomes in each experiment. DNA was visualized by H2B-GFP and
452 J. Li et al. / FEBS Letters 586 (2012) 448–454distance from the pole (Fig. 3A, left panel), whereas such
structures were collapsed in BACH1-depleted cells (Fig. 3A, right
panel). We noticed that BACH1-depletion disrupted the
spoke-like structure of aligned chromosomes rather than chang-
ing the diameter of the ring-like structure. This suggested that
there was a misalignment of chromosome arms rather than that
of kinetochores, and that this might explain the thicker meta-
phase plate observed in the BACH1-depleted metaphase cells
(Fig. 2D).
3.4. Rescue experiments using Bach1 derivatives
A series of N- and C-terminal deletion mutants and an internal
bZip-deletion mutant were used to examine which domain of
Bach1 has abilities to rescue the phenotype of BACH1-depleted
cells (Figs. 3C and D). Full-length mBach1 (WT) was able to restore
the ring-like structure in monastrol-treated cells, conﬁrming that
the defects were due to the loss of BACH1 function. Mutants lack-
ing either the BTB domain (1761C) or the basic region (D1683-
1934) were also able to restore the phenotype of BACH1-knock-
down cells. On the contrary, the mutants lacking the C-terminal
CLS of BACH1 (2348N, 2228N, 2078N and 1934N) failed to rescue
the phenotype, suggesting that CLS was speciﬁcally required for
the restoration of the ring-like structure of the mitotic chromo-
somes (Fig. 3C and D). These results suggest that the function of
BACH1 in metaphase cells is based on a transcription-independent
and CLS-dependent process.
3.5. Analyses of the cell cycle in BACH1-depleted cells
We next examined the effects of BACH1 depletion on the cell
cycle. Asynchronous cells did not show any change in cell cycle
stages following BACH1 knockdown (Fig. 4A). Cells synchronized
by double-thymidine blockade also showed no differencesΔ
Fig. 4. Effects of endogenous BACH1 depletion on cell cycle progression. (A) The effects o
in each cell was quantiﬁed by FACS. (B) The effects of BACH1 depletion on the cell cycle
released by changing the medium. At the indicated time points, cells were collected, and
on the mitotic chromatin dynamics. The images of HeLa cells expressing H2B-GFP werebetween the control and BACH1-knockdown cells (Fig. 4B). Time-
lapse imaging of live cells expressing shBACH1 and H2B-GFP
showed transient formation of a thicker mitotic chromosome plate
in the BACH1-depleted cells (Fig. 4C). This abnormality was associ-
ated with the asymmetrical localization of the metaphase chromo-
some within a cell and rearrangements of the mitotic axis before
entering anaphase (Fig. 4C).3.6. Transit of BACH1 from the mitotic chromosome
In addition to the spindle assembly checkpoint machinery
composed of kinetochores attached to mitotic spindles [14], chro-
mosome arms are also aligned at the metaphase plate through
the chromokinesin, kinesin-4/kinesin-10 [11]. Since the pheno-
type of BACH1-depleted cells was similar to that of Kid (kine-
sin-10)-depleted cells [12], we next examined the Kid
localization in mitotic chromosomes. The Kid protein was de-
tected at both the mitotic chromosomes and spindles (Fig. 5A, left
panel), neither of which was affected by BACH1 depletion
(Fig. 5A, right panel), suggesting that BACH1 is not required for
the localization of Kid. In the Mitocheck database [15], we found
that BACH1 forms a complex with a spindle protein, CHICA,
which regulates Kid localization to the mitotic spindle and is in-
volved in the generation of polar-ejection forces [12]. Hence, we
were tempted to speculate that BACH1 functions downstream of
Kid by forming a complex with CHICA and Kid to regulate the
dynamics of the chromosome arms. Consistent with this idea,
we found that Bach1DC1, which lacked CLS and was unable to
rescue BACH1-depletion (Fig. 3), was preset on the mitotic spin-
dle (Figs. 1B and 5B, and Supplementary Fig.). As expected, the
localization of Bach1DC1 was not affected by LMB. These results
suggest that the mitotic function of BACH1 is executed at the mi-
totic chromosome itself rather than the spindle.f BACH1 knockdown on the cell cycle stages of asynchronous cells. The DNA content
progression. HeLa cells were synchronized by double-thymidine blocking and were
the cellular DNA content was analyzed by FACS. (C) The effects of BACH1 depletion














Fig. 5. Possible role of Bach1 in regulating the mitotic chromosomes. (A) The effects of endogenous BACH1 depletion on the subcellular localization of the chromokinesin, Kid.
After treatment with MG132 for 8 h, cells were stained with an anti-Kid antibody. The arrowhead indicates the spindle localization of Kid. Scale bar, 10 lm. (B) The effects of
CLS-deletion on the Bach1 localization during the mitotic phase. Cells treated with MG132 and LMB were stained with an anti-Bach1 antibody. Images were obtained from
H2B-GFP-positive cells indicating successive transfection (data not shown). The arrowhead indicates the spindle localization of Bach1. Scale bar, 10 lm. (C) A schematic
representation of the domain function in Bach1 in interphase and the mitotic phase. The CLS highly conserved between Bach1 and Bach2 shows similarity to the yeast Yap1
Crm1-binding domain, in which two cysteine residues (asterisk) form disulﬁde bonds with the internal domain and respond to oxidative stress. Based on their similarity, the
Bach1 CLS was modeled on the Yap1 structure (PDB ID: 1SSE). MT indicates microtubules. (D) The possible role of Bach1 in mitotic chromosome regulation during metaphase.
Bach1 exclusion from the mitotic chromosome was sensitive to LMB treatment. In contrast, CLS deletion from Bach1 abolished both the landing onto and exclusion from
mitotic chromosomes. As a consequence, the chromosome arm alignment is dysregulated in the cells expressing the CLS-deleted Bach1 mutant (C1).
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interaction-dependent manner. However, it is still unclear whether
CLS directly affects Crm1 binding or indirectly regulates Crm1 bind-
ing by including changes in the intramolecular conformation of
Bach1. It is worth pointing out that both Bach1 and Bach2 have con-
served CLS containing two cysteine residues (Fig. 5C), which show
very similar structural feature to the Crm1-mediated oxidation-reg-
ulated nuclear export signal of Yap1 in yeast [16]. Thus, the CLS-
dependent regulation of mitotic chromosomes may shed light on
the crosstalk between the oxidative stress response and the regula-
tion of mitotic chromosomes through Bach1. Future studies will be
needed to investigate how Crm1 is involved in the CLS function of
Bach1 in determining the mitotic chromosome dynamics (Fig. 5D).
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